Abstract: Drilling for exploration and mineral extraction purposes is generally an invisible process, that is, there is a lack of realtime information available from the tool head. The borehole mining and oil-gas drilling industries both face tremendous challenges because of this invisibility. Lack of data has impacts on extraction quantity and quality, process efficiencies, and is a major factor in overall program costs. This is why a communication method between the drill head and the surface has been under research.
INTRODUCTION
It is a major challenge in the drilling industry to explore and extract fossil fuel and minerals, because this is done underground without knowing the lithography of the earth. So, different sensors are installed at the drill bit to acquire data from these sensors while drilling. This process is commonly known as measurement while drilling (MWD). This process is mostly favored when the data is acquired in real time. If it is possible to transmit data to the surface instantaneously then the controller at the surface gains better control over the drill bit. In the case of borehole mining, it is also favorable to transmit large volumes of data, such as even video, which will essentially make the drilling process a visible one. In addition, the drilling operation involves large assemblies of equipment, complex well patterns, long operation times, high costs etc. The initial goal of the communication method is to determine ore location, drilling orientation, properties of rock, dimensions of cavity and other parameters using sensor data assembled in the borehole assembly (BHA). This data is then transmitted to the surface from the wellbore. The acquired data will then be used to plot the three dimensional path in front of the drill bit that will help the operator to measure the trajectory of the hole as it is drilled. Also, the MWD downhole tools allow the wellbore to be directed in a chosen direction, therefore known as directional drilling. Using different gamma ray sensors the properties of the rock can be determined that help decide about the drilling direction (Arps et al. 1964 ). There are several other sensors installed depending on the drilling application to acquire information on density, porosity, rock fluid pressure (Dowell et al. 2006 ).
There have been four major communication methods used until now for data transmission from the drill bit to the surface.
These are cable operated communication, mud pulse telemetry, vibration telemetry and electromagnetic communication (Franconi et al. 2014) . Among these different methods, the most popular is mud pulse telemetry (MPT), which is also the first method to become formally proposed in the industry from early 1929s (Hughes 1997) . The cable operated communication method is not convenient because it requires customized drill strings where coaxial cables are attached inside the drill strings (Bybee 2008) .
Moreover, the coaxial cables block the flow of the drilling fluid which is undesirable. The electromagnetic (EM) communication method is also not convenient because the earth's geological properties are unknown that attenuate the signal (Chew 1995; Li 2009 ).
The EM also consumes a lot of power which is a concern because it has to run on batteries. The MPT is a method of continuous wave propagation where drilling fluid is the medium of propagation. This method has been popular because of its easy implementation, however, it has the issue of slow data transmission that raises because of different attenuating factors. The attenuation occurs mostly due to the medium itself which is a viscous liquid that dampens the pressure wave. The properties of the drilling fluid or mud change along with the well depths which affects the pressure pulse. The properties of the drilling mud also change based on the application it is used for. The non-homogeneity of the mud fluid itself affects the wave propagation and D r a f t attenuates the signal. Oil based drilling fluids with high plastic viscosity (PV) and high density attenuate the signal more (Shen et al. 2009 ). Moreover, high frequency noise is generated because of its vibration that blocks the pressure pulse significantly.
Sometimes buffers and dampeners are used on the surface and inside of the pipes to reduce noise caused by the mud pump and from other sources. However, while they absorb noise and pressure fluctuations, they also reflect pressure pulses back to the signal actuator, which can totally damage the signal received by the sensor (Klotz et al. 2008) . The location of the sensors at the surface also attenuates the signal. This is why mounting the sensor at the right location is a very important task. Moreover, this method is only applicable when the drilling fluid is running. Its data transmission rate is slow on the scale of 1-10 bits per second (Franconi et al. 2014) . This is why exploring other methods such as communication via structural vibration have become necessary, since it offers a faster data transmission rate (Franconi et al. 2014 ).
Vibrational or acoustic telemetry uses the drill pipe itself as a medium of wave propagation. It has a similar theoretical wave propagation concept to that of mud pulse telemetry but uses piezo-electric transducers to generate a stress wave in the pipe rather than in the fluid within the pipe. This pressure wave can be picked up at the other end of the drill string using any vibrational sensor. The information picked up by different sensors on the drill head are converted into digital data. The data is then broadcast by the transducers as vibration or acoustic wave through the drill strings. The transducer generates this vibration within the steel drill string by means of a high frequency ferroelectric ceramic piezoelectric material with the combination of two different masses (Islam et al. 2017 ). This method can give faster data rates up to 100 bits per second (Drumheller et al. 1989) . Although the vibrational method was introduced previously, because of the lack of an efficient transducer the method was not popular. Nowadays, the piezoelectric ceramic technology has become more advanced so the method of acoustic telemetry is beginning to gain commercial popularity (Dias et al. 2014; Haddad et al. 2017; and Kreuzer et al. 2014) . In acoustic telemetry, the medium of pressure wave transmission is the solid steel pipe rather than viscous liquid as in mud pulse telemetry, so it has less attenuating factors. For the oil and gas applications, the attenuation for acoustics systems varies from 2-10 dB/1000 feet and up to 30 dB/1000 feet if the pipe is badly worn (Cox et al. 1981) . Drumheller (1989 and 2003) has done a lot of theoretical and experimental work of wave propagation through drill strings, concentrating on the effect of the characteristic impedance mismatch at the collars connecting the pieces of drill pipe.
In this paper a simulation model will be demonstrated that can account for any types of drill string along with the transmitter and receiver for wave propagation. The simulation model will be verified by experimental data, which will justify the model. A simulation model will be a convenient approach to understand the characteristics of the pipelines for different applications, which include the attenuation and frequency shifting of the system. The drill pipes used in the mining industry are different in sizes than the pipes used in the oil-gas application along with different drilling fluid, length of the depth of extraction etc. Also, the mining D r a f t method is different in that it has a lower noise level than the oil-gas drilling. So, the attenuation will be less in the mining application.
This gives a tremendous opportunity of achieving fast data transmission rate in the mining industry.
The paper will also investigate the cases of a large number of pipes. For future work, this will lead to the optimization and modification of the transducer and sensors to be used with any specific application. A unique way of characterizing the system will be demonstrated here. If the frequency response of the system is known then a particular communication scheme can be chosen beforehand which can employ different frequency contents. The knowledge gained form different tests will help achieve understanding wave propagation for different cases. This will also help implement sophisticated communication scheme that outputs fast data transmission.
The paper will also demonstrate the manufacturing and tests of a new transducer. The tests result of the new transducer will be compared with the existing transducer.
SIMULATION MODEL
This section will demonstrate the simulation model and the fundamental theories behind the model.
2.1.Mathematical Model of Transducer
A piezoelectric transducer is an electromechanical device that converts mechanical energy into electrical energy or vice versa.
For this research, a Tonpilz-type sonar transducer is used. A lot of previous research has been performed on the design of an effective transducer (Baylis 1998).
The governing equations of piezoelectric ceramics are the combination of mechanical and electrical characteristics. The constitutive relations are usually known as piezoelectric equations that apply the theory of piezoelectricity shown in the equation (1) and (2). The equations describe the interaction effects of stress, strain, electric displacement, and the electric field. For the case where the strain and electric fields are approximately uniform, the mass of the piezoelectric material can be assumed negligible, and the amount of free charge is small. Then the constitutive equations are (Sherman et al. 2007) (1)
where T is the stress, S is the strain, E is the electric field, and D is the electric displacement. All of these variables are functions of position and time, where T and S are both symmetric second rank tensors. In these equations, S and T are 6×1 column matrices, E and D are 3×1 column matrices, s E is a 6×6 matrix of elastic compliance coefficients, d is a 6×3 matrix of piezoelectric coefficients (d t is the transpose of d), and ε T is a 3×3 matrix of permittivity coefficients (Berlincourt et al. 1964) .
To create a simple but effective simulation model the constitutive equation of the piezoelectricity is linearized and justified by Sherman et al. (2007) . Equations (1) and (2) (1) and (2) The equations to represent the mass spring systems are:
where K is the stiffness coefficient of the threaded rod, D is the overall damping coefficient because of threaded rod and piezo ceramic stack. The force applied by the piezoelectric material can be found from the equation (3) and (4).
2.2.Simulation Model of Transducers Coneected Face to Face
Figure 2 is the diagram of the of the transducer for a simulation model when they are connected face to face, one being a driver transducer and another being a receiver transducer. The mathematical model is developed using the fundamental equations shown in previous section.
The experimental set-up of two transducers connected face to face using two bolts is explained in Section 3.1. The rubber sheet at the face of the transducers are squeezed one over another which is represented in the model as spring damper connection. A very small dummy mass (.0003 kg) is imagined in between these two rubber sheets, is for the convenience of calculation. The dummy mass here is also connected with the ground through a damper which should neutralize any effect that it may have in the system.
The tail mass of the two transducers are imagined to be connected with a reference position through a spring-damper connection.
This is also for the sake of calculation in the simulation. These spring-damper connections do not affect the overall performance of the transducers, because the tail mass is considerably higher so it works as a reference. The transfer function model of the transducer D r a f t 7 connected face to face obtained from the free body diagram of each of the component of this figure and equations, will later be used for curve fitting to find effective parameters of the transducer.
2.3.Pipeline or Drill-String
To model the drill string, a transmission line model is used in this research which is commonly used in fluid flow applications.
The transmission line model was initially developed by Krus et al. (1994) and is based on the assumption of a four pole equation.
The approximate transfer functions are shown in Figure 3 . This model is a compact transfer function model that reduces the computational effort by only calculating the states at the inlet and outlet.
From analogy, in Krus's model the pressure P and flow rate, Q, can be replaced with force, F, and velocity u. They are related by the following equation (Krus et al. 1994) (9)
where, is the characteristic impedance, is the local speed of sound, is the cross-sectional area of the pipe, and is the = material density of the drill string.
The transfer functions in Figure 3 are as follows. They are calculated in the laplace domain, . where k is an empirical factor and determined (Krus et al. 1994 ) that is an acceptable value. The wave propagation time, 
2.4.System Simulation Model
A model shown in Figure 3 is the final simulation model of the system that has both transducers and pipeline. The transducers model are generated based on the model shown in section 2.1 and 2.2, where the dummy mass is replaced by the pipeline mode.
The pipeline model shown in section 2.3 is used here to account for any number of drill strings. For multiple number of drill strings we can simply increase the number of pipeline blocks. This simulation model is also based on the experimental set-up explained in Section 3.
In Figure 4 , v 1 is the input forcing voltage, u 1 and u 2 are the displacement, F 1 is the output mechanical force of driver transducer and also the input of the pipeline. F 2 is the input force at the outlet of pipeline and also the output from the receiver transducer. v 2 is the output voltage.
EXPERIMENTAL SET-UP
An experimental apparatus was assembled for data transmission through drill strings as shown in Figure 5 . This experimental model includes sonar transducers as both the actuator and sensor. It is possible to use any sensor at the receiving end, but in this research an identical transducer was used as the receiver. This configuration allows for two-way communication to occur if needed.
All control and data measurements are done by a National Instruments data acquisition board (NI-DAQ). A maximum length sequence (MLS) signal is created. This is a digital pseudorandom binary sequence that has a perfectly white, flat spectrum. This signal is sent through an amplifier. The MLS is generated using linear feedback shift registers (LFSR) using Matlab® code created by Wiens (2007) 
3.1.Frequecny Response of the Transducer
First, an experiment was performed attaching the sonar transducers face to face with bolts as shown in Figure 6 . This experiment gave the frequency response of the two transducers shown in Figure 7 . This test essentially shows us the forced frequency range of the transducer is from 4 kHz to 12 kHz. In this range we observe very good gain and three major peaks.
3.2.Curve Fitting for parameter estimation
The initial transducer parameters were found experimentally for the piezo materials in the lab. An ANSYS Simulation model of the ceramic rings also gives ideas of different parameters of the transducer. However, it is required to know the effective parameters D r a f t of the transducer. PZT ceramics' material data are usually defined at low field. In practice, because of application of high electrical fields cause a nonlinear ferroelectric effect which alters piezoelectric parameters. So, for dynamic cases, the effective parameters are different (Sherman et al. 2007 ). These parameters were found using a parameter estimation technique shown in Table 1 . The experimental frequency response data found from previous section is used to fit the curve with the transfer function model of the transducer. The initial range of the parameters were taken based on the parameters found in experimental tests and ANSYS simulation. The fitted curve is not exactly same to that of experimental frequency response seen in the Figure 7 : the experimental result shows three dominant peaks, on the other hand the fitted curve shows two dominant frequency. This is most likely due to the bending frequency of the head mass (Sherman et al. 2007) , while the simulation model is created using one dimensional fundamental equations which does not account for bending frequency. However, the model clearly accounts for the width of the high frequency range that matches with the experimental data. A model that include bending frequencies will be more exhaustive for calculation and is a redundant model for this research.
3.3.One, Two and Three Drill Strings
The transducers are connected with one, two and three drill strings through the end caps which are collected from a mine site. The same driver and receiver transducers are connected with the strings through end caps as shown in Figure 5 . Figure 8 shows the frequency response for different number of pipe arrangements with the transducers. It is clear from the figure that the frequency response range here is also 4000 Hz to 12000 Hz. As the forced frequency range is observed in this range, we can only see the response of the pipes in this range. This is essentially a harmonic excitation where all the natural frequencies of the pipes in this range are excited. It also observed here that, with an increased number of pipes the amplitude decreases, and the number of peaks increase. This is simply because the mass matrix increases with the number of pipes that increases the natural frequencies.
MANUFACTURING OF A PIEZOELECTRIC TRANSDUCER
A new transducer was manufactured for this research and tested successfully at the SRC with both mining pipes and oil-gas extraction pipes. This will be called as SRC made transducer. The procedure involved computer aided design of the model, materials selection, some failure analysis calculations, electrical wiring and finally assembly of the transducer. The Figure 9 shown is the manufactured and assembled transducer.
It has a tail mass that also works as a shell of the transducer and a head mass which vibrates against the tail mass. The tail mass is designed to work as a reference for the head mass and piezo rings to vibrate against it. The tail mass is a shell structure to protect D r a f t the piezoelectric ring materials from touching the environment and any other parts. The flange of the tail mass contains four holes to connect the piece with pipe using bolts.
The performance of the SRC made transducer was tested by using it as both driver transducer and receiver transducer.
First, it was used as a driver transducer with the same experimental set-up described earlier, replacing the sonar driver transducer.
The test was performed with three mining pipes, also shown in Figure 5 . The frequency response found from the test is shown in the Figure 10 . In this figure the test data of sonar driver and sonar receiver is also presented to compare between SRC driver and Sonar driver. This test data also shows a frequency response dominated between 4 kHz and 12 kHz. The comparison clearly shows that new SRC made transducer is also working like the sonar transducer as expected. In fact, for lower frequencies the SRC made transducer outputs more electromechanical energy which is why higher gain is observed.
Secondly, the SRC made transducer was used as a receiver with the same experimental set up where now the sonar transducer was used as a driver. The frequency response found from this test is shown in Figure 11 . It is clear from the comparison that it works similarly to the sonar receiver transducer.
RESULTS OF SIMULATION MODEL AND COMPARISON
The system simulation model shown in Section 2.4 is implemented in the Simulink platform. The parameters taken in the simulation model are the parameters obtained from curve fitting and from the parameters of the mining pipe. This simulation model gives frequency response shown in Figure 12 for one, two and three mining pipes and is similar to the experimental results in Figure   8 . The simulation model is not exactly representing the experimental data because of possibly using one dimensional fundamental equations and some unknown parameters that are difficult to obtain because of the non-linearity of the transducer piezo ceramic materials. However, a clear trend is observed in the simulation model frequency response that follow the experimental frequency response. Both experimental data and simulation data show increase of number of frequency peaks with the increase of number of pipes, and the amplitude reduces accordingly. Figure 13 is the frequency response comparison among one, two, three, 21, and 61 pipes connected in series with the same driver and receiver transducer. This comparison is shown here to understand the effect of large number of mining pipes for the same transducers used in the system. Figure 13 clearly shows that the amplitude decreases with the increase in number pipes and also the dominant natural frequency peaks get narrow. The first expression of this results should not discourage implementation of this kind of transducer for wave propagation, since the transducer's electromechanical power can be increased by increasing the electric input into it. This will depend on the application that will determine the number of pipes. So, there will be always opportunity to modify Tables   Table 1. Effective parameters of the transducer. 
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